An advanced transmutation method is suggested that the long-lived Minor Actinides (MAs) in the spent fuel can be efficiently transmuted in the candidate Accident Tolerant Fuel (ATF). The transmutation of MAs is investigated through the Monte Carlo simulations in two potential fuel-claddings of ATF, U3Si2-FeCrAl and U3Si2-SiC. The critical loadings of MAs are determined through the Linear Reactivity Model (LRM) in order to keep the same reactivity as the current UO2-zircaloy system at the End of Cycle (EOC). In all cases, excellent transmutation efficiencies are found for the most important three MAs, 237 Np, 241 Am, and 243 Am, of which the total transmutation rates are around 60%, 90%, and 60%, respectively. If only the longest-lived isotope 237 Np is considered, one U3Si2-SiC assembly can transmute 237 Np from six normal assemblies. The loading of MAs has little influences on the neutronic properties, such as the power distributions inside an assembly and inside a fuel rod. The transmutation of MAs in the ATF assembly is shown to be more efficient and safe comparing with the normal assembly, while other important properties are kept, such as the cycle length and the power distribution.
Introduction
The Accident Tolerant Fuel (ATF) has been developed for the advanced nuclear fuel and cladding options after the Fukushima nuclear disaster in 2011. The US DOE NE Advanced Fuels Campaign has proposed many candidate ATFs and claddings [1] . As explained in Ref. [2] , the FeCrAl cladding has better accident tolerant performance than the current zircaloy cladding. FeCrAl has also been studied in the CANDU reactor [3] . However, FeCrAl has about 10 times larger thermal neutron absorption cross sections than that of zircaloy [4] . In order to composite its large neutron capture cross section, the U3Si2 fuel [5] has been proposed. U3Si2 is also a candidate ATF of Westinghouse [6] , [7] . The stability of the U3Si2 fuel under coolant conditions has also been investigated [8] . The neutronic studies show that the U3Si2-FeCrAl fuel-cladding combination can be a potential ATF combination [2] , [9] .
SiC is another excellent candidate ATF cladding material due to its exceptional oxidation resistance in high temperature steam environment [10] . Its maximum service temperature is 900℃, while that of the zirconium alloy is only 400℃ [11] . Its stability at high neutron fluence has also been proved [12] . In addition, the thermal neutron absorption cross section of SiC is about 10 times smaller than that of the zircaloy [11] . SiC is also candidate cladding material for generation IV reactors [11] .
The management of long-lived radioactive products in the spent nuclear fuel is one of the most difficult issues in nuclear engineering. Actinides have the most important contribution on radioactivity in the spent fuel. The closed nuclear fuel cycle and the transmutation of some long-lived radioactive nuclides have been proposed as an alternative concept for solving the problem. Uranium and plutonium isotopes are extracted from the spent fuel in the closed fuel cycle. The extracted plutonium can be used to fabricate uranium-plutonium Mixed Oxide (MOX) nuclear fuel. The treatment of long-lived Minor Actinides (MAs) becomes one of the most urgent issues to reduce the long-lived radiotoxic isotopes in the spent fuel. Accordingly, the study of the transmutation of MAs is a significant work for the post-processing of the spent fuel. The transmutation of MAs has been largely studied in different types of reactors, such as typical uranium fueled [13] , [14] and MOX fueled [15] , [16] Light Water Reactors (LWRs), Fast neutron Reactors (FRs) [17] , [18] , and Accelerator Driven Sub-critical reactor (ADS) [19] . Comparing with the transmutation in the fast reactors or other advanced reactors, the transmutation in Pressurized Water Reactors (PWRs) is important because 65% operational nuclear reactors are PWRs in the world in 2017 [20] .
Due to the high uranium density in the candidate ATF U3Si2, the previous study shows that 4 .9% enriched U3Si2 and 350 μm thickness FeCrAl cladding has higher reactivity at the End of Cycle (EOC) than the current UO2-zircaloy system [2] . On the other hand, because of the competition of absorbing neutrons between MAs and fissile isotopes, the transmutation of MAs in reactors has a negative contribution to reactivity. Therefore, the present work proposes the transmutation of MAs in the 4.9% enriched U3Si2 fuel and 350 μm thickness FeCrAl cladding combination.
As explained previously, SiC is also a potential accident tolerant cladding. Contrary to FeCrAl, the thermal neutron absorption cross section of SiC is much smaller than that of zircaloy. The present work performs on the transmutation of MAs in Candidate ATF U3Si2 combined with SiC cladding.
Due to the spatial self-shielding in Pressurized Power Reactors (PWR), the periphery phenomenon in a fuel rod is evident [21] , [22] . As new fuel-cladding combinations, studies on their radial distribution of physical properties are of importance. For example, the radial power distribution can give feedback to neutronic calculations and multi-physics coupling study [23] . The investigation on the radial distribution of the isotopic concentrations of major actinides can provide useful information to the possible prolongation of the fuel life. The study performed on the radial distribution of the concentrations of MAs is a method to investigate the local transmutation efficiency.
The beginning of Section 2 gives a brief presentation of the fuel characters and the simulation method. The method to determine the percentage of MAs in the U3Si2 fuel and the methods to evaluate the transmutation efficiency of MAs are explained in this section. At the end of this section, the empirical formula obtained in the previous study is used to describe the radial distribution of power and isotopic concentration. Section 3 shows the results and corresponding discussions, including the percentage of MA in each fuel-cladding combination based on the cycle length analysis, the efficiencies of transmutation, and the radial distribution of power and isotopic concentration. The last section is summary and conclusions.
Method

Simulation methods
A typical 17×17 PWR fuel assembly is used in the present study. Figure 1 illustrates the configuration of the lattice of the assembly. The assembly is constituted by 264 fuel rods and 25 tubes, including 24 guide tubes and a central instrumentation tube. In the present study, these tubes are full of the moderator because of no insertion of control rods or instrument. The key parameters of the fuel assembly are given in Table 1 . More parameters of this kind of fuel assembly can be found in Ref. [2] .
In general, the decay half-life of MA is very long. The half-lives of the five MAs considered in the present work are shown in Table 2 . Due to the long half-life of 237 Np and its large quantity in the spent fuels, the transmutation of 237 Np is of large importance for the postprocessing of the spent fuel. In addition, in order to transmute other long-lived MAs, it is interesting to study the mixed long-lived MAs. The percentage of each MA, shown in Table  2 , corresponds to the relative percentage of these 5 MAs in the 10 years cooled spent fuel unloaded from a 3 GW thermal power reactor at 30 GWd/t burnup level [24] . The uranium enrichment of the U3Si2 fuel is the same as current Westinghouse PWR, such as 4.9%. FeCrAl and SiC claddings are used for MAs loaded U3Si2 transmutation fuel study. In Light Water Reactor (LWR), 350 μm stainless steel cladding was used [26] . This thickness is utilized in the present work. The same thickness is used for the ceramic SiC cladding, referred to SiC-1 hereinafter. Due to the lack of the applied experience of the SiC cladding, the cladding thickness 571.5 μm of the current zircaloy cladding is also used for SiC and it is hereinafter referred as SiC-2.
In general, the Monte Carlo method is reliable for the neutronic calculations of new fuelcladding combinations. One important reason is that the nuclear data libraries with point-wise cross sections are essentially suitable for various neutron spectrums and self-shielding effects. The deterministic method is also available and maybe more suitable for the sub-layer power calculations if it is well benchmarked for the neutron spectrum and the self-shielding effect of a new system. In the present work, the main purpose is the comparison of the transmutation efficiencies among various fuel-cladding combinations loading different types and amounts of MAs. It is better to use Monte Carlo based code to have general comparisons among different schemes.
All the neutronic simulations in the present study are performed with the Monte Carlo based code RMC [27] . RMC is a 3D stochastic neutron transport code developed by Tsinghua University. The continuous-energy pointwise cross sections are used for the different materials. The present investigations focus on the calculation of the infinity multiplication factor kinf, the nuclear power, and isotopic concentrations for different cases by using the ENDF/B-VII.0 library [28] . In nuclear physics, the fundamental properties of the atomic nuclei can be solved through the many-body Schrodinger Equation [29] , [30] , of which the calculation can be simplified through the Monte Carlo method. The present simulations take 1030 batches (with 30 first discarded batches) and 10 000 neutrons per batch. The depletion calculations are based on 3.3 Effective Full Power Days (EFPDs), 13.3 EFPDs, 16.7 EFPDs for the 3 first steps and each 33.3 EFPDs from the forth step to the end. Each step is divided by 10 sub-steps to calculate isotopic concentrations for the next burnup level with Bateman equation by supposing constant isotopic concentrations in each sub-step.
Transmutation studies
The criterion to determine the percentage of MAs is the equivalent reactivity at the End of Cycle (EOC). The formula to calculate the average eigenvalue difference is [31] :
where ∆ , is the difference of infinity multiplication factor kinf between the investigated fuel-cladding combination and the reference case for batch b as a function of exposure eb. The fuel exposure (in EFPD) at the EOC from Table 3 are used to quantify the level of exposure for each batch in a typical Westinghouse PWR reactor. The power weighting factor Pb is the approximative contribution of each batch to the power distribution in the core. Vb refers to the number of assemblies per batch. The positive (negative) value of ∆ at the EOC signifies that the studied fuel-cladding combination has a longer (shorter) cycle length than the reference case. In order to avoid the reduction of cycle length, the MAs loaded fuel-cladding combinations should satisfy ∆ ≥ 0. The condition to determine the critical MA loading by keeping the cycle length is ∆ = 0. To study the transmutation efficiency, the following three quantities are defined [15] : the net transmutation rate RN (Eq. (2)); the total transmutation rate RT (Eq. (3)); and the equivalent natural decay time Te (Eq. (4)). RN defines the percentage of transmuted MA to loading quantity. RT is the transmutation rate taking the production of MA in normal assembly into account. Te represents the equivalent decay time to achieve the RT by natural decay. Te measures the efficiency of transmutation on the reduction of the time duration of storage, while the transmutation rates account the reduction of the quantity of MA. By the above definitions,
where C0 stands for the initial concentration of the MA added in the fuel, C1 and C2 are concentrations of the MA after depletion in the none MA loaded case and MAs loaded cases, respectively.
We remark that no MA loading fuel has longer cycle length than transmutation fuel if all conditions are the same except the percentage of MAs. The concentration C1 is thus an approximation, which is calculated in no MA loading fuel assembly. Ref. [2] shows that the 4.58% enriched U3Si2 fuel and FeCrAl cladding with 350 μm thickness combination has the same cycle length as the reference case. Table 4 shows the process to produce the above five MAs in the nuclear fuel. More details of the discussion about the reactions concerning the actinides in nuclear fuels can be found in Ref. [33] . The maximum deviation of C1 should be the concentration of 237 Np when fuel enrichment is changed. Due to the long decay half-life of 241 Am, 237 Np mainly comes from 235 U. If the 4.58% fuel enrichment is used, C1 should be about 6% lower than the 4.9% enriched fuel. Other four MAs are from a series of reactions of 238 U, so the influence of the fuel enrichment on their concentrations can be neglected. 
Radial properties
With the above transmutation fuel-cladding combinations, the present work investigates their radial distributions of the power and the isotopic concentration in a fuel pellet. The geometry of the fuel rod is shown in Figure 2 . The fuel region is divided into 9 concentric rings for the calculations of the radial distribution of the power and the isotopic concentrations, while the gap and cladding are located outside. To describe the relative power distribution as a function of burnup, the previous work [34] uses the second order polynomial:
where = / 0 with 0 is the radius of fuel, s represents the fuel equivalent full power depletion time, and the coefficients of polynomial depend on the position x. This form can be used for both the radial power distribution and the major actinide for six candidate ATF fuelcladding combinations. Eq. (5) 
Results and Discussion
Critical loadings of MAs
Taking the current UO2-Zircaloy fuel-cladding system as the reference, the differences on the reactivity induced by the different MA loading percentages (lp) can be obtained by using the Linear Reactivity Model (LRM). The infinity multiplication factor kinf for each lp is calculated with the Monte Carlo simulation. We note ∆ for the difference of the multiplication factor in the core at EOC. ∆ values are given in Table 5 and Table 6 for different MA loading cases. The loading percentages of MAs with ∆ far from zero are not analyzed because the objective is to find the critical loading concentrations of MAs in the different fuel-cladding combinations. The reactivity decreases with the loading of MAs because of the competition of neutrons between MAs and fissile isotopes. For the same loaded amount of MAs, the reactivity decreases with the thermal neutron absorption ability of the cladding (FeCrAl > SiC-2 > SiC-1) due to the competition of absorbing thermal neutrons between fuel and cladding.
In order to determine the relationship between ∆ and lp, the linear function is supposed: ∆ = a + b·lp. (7) The coefficients and the coefficient of determination are shown in Table 7 for the six cases studied in the present work. The near to unity values of the coefficient of determination point out that the assumption of linear relationship between ∆ and lp is validated. The values of a are always positive because the three chosen fuel-cladding combinations have longer cycle length than the reference fuel-cladding system without loading MAs. It is also the reason that the transmutations of MAs in these combinations are proposed in the present work. The negative values of b are due to the competition of neutrons between fissile nuclei and MAs. The physical significance of b is the negative contribution on reactivity by loading 1% MAs. The penultimate column in Table 7 presents the critical MA loading percentages (c), which means the same reactivity for the transmutation and reference core at EOC (∆ = 0). The critical MA loading decreases with the stronger thermal neutron absorption ability of the cladding because of the competition of absorbing thermal neutrons between fuel and cladding. The relative production of MAs at the EOL in the reference case are 0.0740%, 0.0057%, and 0.0207% for 237 Table 7 . kinf for the reference case and the above six transmutation cases are shown in Figure 3 as a function of effective full power depletion time. The calculations are performed without considering impact of reactor stops, despite several reactor cycles are involved. The variations of kinf for the transmutation scenarios are smoother than the reference case. At the BOL, the reactivity of transmutation combinations is lower due to the competition of neutrons between MAs and fissile nuclei. At high fuel exposure, since the MAs are transmuted to fissile nuclei, higher reactivity is found in the transmutation cases. The flatten of kinf versus fuel exposure is more evident in mixed MAs loading scenarios than the pure 237 Np loading because the thermal neutron capture cross section of 241 Am is larger than that of 237 Np (see Table 15 ). The variation of kinf shows that the MAs can be considered as burnable poison. The corresponding ∆ value for each case is given in the last column in Table 7 . The Monte Carlo calculation shows the high accuracy of the critical MA loading percentages obtained from the linear fitting.
As expected, the percentage of loaded MAs in the SiC cladding case is larger than that in the FeCrAl cladding case because of the much lower thermal neutron absorption cross section of SiC. The good neutron economy of the SiC cladding is evident. The mixed MAs loading and 237 Np loading have different influence on ∆ due to the different behaviors between 237 Np and other MAs. However, the difference on ∆ is not obvious in the FeCrAl cladding combinations and in the SiC-2 cladding cases. For SiC-1 cladding assemblies, the difference is more evident than the FeCrAl and SiC-2 cases. This should come from the higher concentrations of MAs, which enhances the difference of neutronic behavior between 237 Np and other MAs. Anyway, this difference is generally very small, which is less than 4% among different loadings.
The transmutation fuel assemblies have lower reactivity than the current assembly at the low burnup level. One of the most important reasons is the neutron absorption reaction of MAs. The opposite effect is observed at the high burnup level because the neutron capture reaction of fertile MAs produces the fissile isotopes, such as 242 Am, 242m Am and 244 Am with huge fission cross sections, especially at thermal region [28] , [35] . The thermal neutron capture cross section of 241 Am is larger than that of 237 Np. The flattening of the reactivity versus burnup in the mixed MAs loading fuels is thus more evident.
Transmutation efficiencies of MAs
The transmutation efficiency of each MA in each case is calculated at the End of Life (EOL, equivalent to 1420 EFPDs) of the fuel assemblies. Table 8 and Table 9 show the transmutation efficiency in the pure 237 Np loading cases and in the mixed MAs loading cases, respectively. Table 10 gives the sum of the radioactivity over the initially loaded five MAs (A1) in each fuel assembly at the Beginning of Life (BOL) and at the EOL. A2 (A3) is the sum of the radioactivity over the above MAs of which the half-lives are longer than 5 000 (100 000) years. Among the above five MAs, only the 237 Np has the half-life longer than ten thousand years, so A3 is equivalent to the radioactivity of 237 Np. According to the brief analysis in Section 2, the relative uncertainty of C1 due to the choice of the reference case should be less than 6%. On the other hand, C1 is proportional to the difference of RT to RN (Eq. (3) subtracts Eq. (2)). Because RN is independent to C1, the uncertainty of RT due to the indetermination of C1 (dC1) is expressed as:
By using Eq. (8) and RT and RN in Table 8 and Table 9 , one can conclude that the approximation of C1 used in the present work leads around 1% error on total transmutation rate, except for the 3% error in the 0.31% mixed MAs loading case with the FeCrAl cladding. The above uncertainties are based on the rough comparison with the 4.58% enriched fuel. If the 4.9% enriched fuel with thicker cladding (to keep the same cycle length) is used as the normal case, the deviation of the total transmutation rate would be even less. By consequent, the C1 used in the present work has a very limited influence on the calculations of the total transmutation rate. For 237 Np, the total transmutation efficiency (given in Table 8 ) is higher than 60% in the six cases. It is equivalent to 3×10 6 years of natural decay. Therefore, comparing with the same reduction through natural decay in deep geological repositories, the transmutation is an excellent method to reduce the quantity of 237 Np. As shown in Table 9 , both the net transmutation rate and the total efficiency are about 90% for 241 Am in the three mixed MAs loading cases. The excellent transmutation rate is due to its large thermal neutron capture cross section. Therefore, the transmutation proposed in the present work is a very efficient way to reduce the quantity of 243 Am is the dominant isotope (8.6%) in the rest of 10% MAs. As given in Table 9 , 26% to 39% of the initial loading 243 Am is transmuted in the above three transmutation cores. The total efficiency is about 60% for the three cases. Therefore, the transmutation of 243 Am has an evident effect on the reduction of MAs. 245 Cm is less than 0.1% among the above five MAs and it is a fissile isotope due to its even-odd proton-neutron property. Their effects will be discussed together with all MAs in Section 3.3.
A1 is the total radioactivity of the above discussed five MAs. It describes the radiation dose induced by the five MAs. The column about A1 in Table 10 shows that the radioactivity at EOL is higher than that at BOL for all cases. This is mainly due to the production of 244 Cm, of which the half-life is much shorter than other four MAs. A2 measures the radioactivity of long-lived MAs. The smaller values of A2 at the EOL than the values at the BOL for the mixed MAs loading cases show the reduction of radiotoxicity induced by long-lived MAs through the transmutation. A3 corresponds to very long-live MAs, of which the half-life is longer than 100 000 years. The comparison of values of A3 at the BOL and EOL reveal the transmutation efficiency for isotopes with half-life longer than 100 000 years. Actually, only 237 Np has such long half-life among the above five MAs. The reduction of 237 Np is of the most significance because it needs to be stored underground for some million years. If only 237 Np is considered in the transmutation, the results in Table 10 show that one SiC-1 assembly can transmute 237 Np produced from six assemblies in a normal PWR while other properties are kept, including the cycle length, A1, A2, and radial properties discussed later.
Buildup in curium and californium
The transmutation is shown efficient to reduce the quantity of MAs. One of the drawbacks of transmutation is the production of heavier nuclei through several radiative capture reactions and potential β decays. An inventory of other residual MAs is performed to show their influence on the transmutation. The present work investigates the transmutation of long-lived MAs, the short-lived MAs, such as 242 Am and 241,242 Cm, are not of interest in this kind of studies. Table 11 shows the predominant decay modes and corresponding half-lives of MAs. It is noticeable that all isotopes of Bk and Es have relatively short half-lives. Only the MAs of which the half-lives are longer than 1 year (boldfaced in Table 11 ) are considered to evaluate the buildup in other residual MAs due to the transmutation.
The atomic concentrations at the EOL of MAs, of which the half-lives are longer than 1 year, are given in In order to globally evaluate the buildup of transmutation in other residual MAs, the net and total transmutation rates are calculated for the total concentrations of MAs selected in Table 12 . The corresponding values are given in the last two rows in Table 12 . The negative net transmutation rate of mixed MAs loading in the FeCrAl cladding signifies that more MAs are found at the EOL than the initial loading. Taking the production of MAs in no MA loading fuels into account, the total transmutation rates are always positive for the six transmutation scenarios. It is noticeable that the total transmutation rates of total MAs in the pure 237 Np loading cases are similar to those of 237 Np in the same case (given in Table 8 ). The reason is that the concentrations of other MAs generated from 237 Np are rather little compared with the concentration of 237 Np. Due to the production of other MAs from the loaded MAs, the total transmutation rates of total MAs are less than those of the three main loaded MAs (shown in Table 9 ). From the point of view of the efficiency of transmutation, around 40% (60%) total transmutation rates of investigated MAs for the mixed MAs loading (pure 237 Np loading) cases show that the transmutation method suggested in the present work is an efficient method to reduce the long-lived MAs. 
Comparison with conventional fuel-cladding combinations
The above subsections discussed the critical loadings of MA and the corresponding transmutation efficiencies in candidate ATF combinations. If the same percentages of 237 Np are loaded in the normal UO2-Zircaloy combination, the decrement of the reactivity of the core at EOC is shown in the last column of Table 13 . The 2100 pcm negative reactivity shows that 0.31% loading of 237 Np is almost impossible to keep the same cycle length with the same uranium enrichment. 0.60% and 0.78% loading of 237 Np have even much more negative contribution on reactivity. One of the advantages of transmutation in candidate ATF combinations proposed in the present work is that the MAs are transmuted without reducing the reactor cycle length. In other words, the candidate ATF can transmute more MAs with the same cycle length.
Due to the reduction of the cycle length when MAs are added in the normal UO2-Zircaloy case, the transmutation efficiencies at the same EOL burnup level as the candidate ATF combinations (42.5 GWd/t and 46.8 GWd/t for the cladding thickness of 350 μm and 571.5 μm, respectively) are shown in Table 13 . Results in Table 8 and Table 13 show that the transmutation efficiencies are almost the same for the normal case and the candidate ATF combinations because the same enrichment of uranium is used. The less than 1% differences of the transmutation efficiency in different cases are due to the competition of neutrons between the cladding and MAs. Despite of the fact that a typical PWR cannot accept 100% MOX fuel assembly, the LRM is applied to MOX fuel assembly to roughly compare the transmutation of MAs. In the MOX fuel with 9.8% plutonium [33] , the Monte Carlo simulations show that only 0.13% mixed MAs and 0.14% 237 Np are allowed to keep the cycle length. The capacity of the transmutation in candidate ATF combinations is much better than the MOX fuel. The last row in Table 13 shows that the transmutation of 237 Np at the EOL (52 GWd/t) is less efficient in the MOX fuel. The transmutation of 241, 243 Am in the MOX fuel is also less efficient because they are produced through a set of reactions of plutonium in nuclear reactors. Nevertheless, the transmutation of MAs in MOX fuel may facilitate the post-processing to separate the plutonium and MAs in the spent fuel.
Except for the direct competition of neutrons between MAs and fissile nuclei, the hardening of neutron spectrum plays a role in transmutation because of more fast neutrons in the reactor. The (n,γ) cross sections of MAs generally decrease with the incident neutron energy, while some fission cross sections have sudden increase at fast region, such as those of 237 Np, 241 Am, and 243 Am [28] , [35] . The transmutation rates depend on the competitions among these cross sections of MAs and also the competitions between the MAs and dominant fissile nuclei 235 U and 239 Pu. Thus, it is difficult to quantify the general roles of fast neutrons.
Relative power and burnup distribution in an assembly
The relative distribution of power in a fuel assembly is heterogenous because of the different local moderator-to-fuel ratios. Figure 4 displays the relative power distribution of the reference UO2-Zircaloy case at BOL. Higher power is observed in the vicinity of the guide tubes due to the higher local moderator-to-fuel ratio. Peak Factor of Power (PFP) defines the ratio of the maximum power to average power in the fuel assembly. The PFP at the BOL, Middle of Life (MOL, equivalent to 700 EFPDs), and EOL are given in Table 14 . The PFPs of the above six transmutation cases are quite similar. The values of the PFP of the transmutation cases are higher than the reference case. However, the differences are within 3% at the BOL and MOL. The maximum discrepancy of the PFP at the EOL is 4%. At the level of the fuel assembly, the loading MAs have little influence on power distribution. The peak value in a core should be further investigated because it is the product of peak factor of assemblies in core, peak factor of pins in assembly (results in Table 14) , and axial peak factor. Burnup is the physical quantity to measure the accumulated power. The burnup at the EOL reflects the utilization of fuel. Higher (lower) burnup at the EOL means more (less) efficient utilization of fuel. The Peak Factor of Burnup (PFB) and the Valley Factor of Burnup (VFB) are defined to present the burnup at the EOL in a fuel assembly. Figure 5 exhibits the relative burnup distribution of the reference case at the EOL. Higher burnup is observed in the vicinity of the guide tubes due to the higher power induced by the higher local moderatorto-fuel ratio. The corresponding PFB and VFB for the reference case and the above six transmutation cases are given in the last two columns in Table 14 . Because the burnup is proportional to the time-accumulated power, the PFB at the EOL for each case is within the corresponding interval [PFP_EOL, PFP_BOL] . Similar PFB and VFB values are shown among the six transmutation cases determined in the present work. About 2% difference exists between the reference and the transmutation cases for the PFB at the EOL. Nevertheless, only 1% difference is observed for the VFB at the EOL. Therefore, the loading MAs has little influence on the efficiency of the utilization of fuel. Figure 5 . Relative burnup distribution at the EOL for the reference UO2-Zircaloy case. The deep blue points out the guide tubes.
Radial power distributions
As new fuel-cladding combinations, investigations on their radial distribution of power are of importance because the radial power distribution can give feedback to neutronic calculations and multi-physics coupling study. The Monte Carlo simulations performed with the geometry shown in Figure 2 reveal the similarity of the radial power distribution as a function of the effective full power depletion time for the above six transmutation cases. Figure 6 shows the radial relative power distributions for the FeCrAl cladding and SiC-1 cladding cases at the BOL, MOL, and EOL. As defined in Section 2.3, x represents the relative radius, such as x=0 (x=1) stands for the center (outer surface) of the fuel pellet. The periphery phenomenon is induced by the radial distribution of thermal neutron flux and the radial distribution of isotopic concentrations after the BOL. The corresponding explanations, descriptions, and influence have been detailed in Refs. [2] , [21] , [34] .
On the other hand, an empirical analytical formula is shown to nicely describe the radial power distribution for the UO2-zircaloy system, three ATF U3Si2-FeCrAl cases, and the UO2/U3Si2-FeCrAl candidate ATF [34] . The coefficients and corresponding uncertainties of the analytical formula (such as Eq. (5) in Section 2.3) at different positions are given in Table  16 in the appendix. Figure 7 shows the ratios of relative power for the FeCrAl-MA case transmutation case to the empirical formulae as a function of fuel exposure for several radial positions. Figure 8 illustrates the ratios of the power calculated by RMC code for transmutation fuels to the empirical formula versus the relative radial position at BOL, 500 EFPDs, and EOL, respectively. As shown in Figure 7 and Figure 8 , the Monte Carlo simulation results show almost the same radial relative power distributions for the six transmutation cases. In addition, the radial power distribution of the transmutation fuel rods is similar to the current UO2-zircaloy system, three candidate ATF U3Si2-FeCrAl cases, and one UO2/U3Si2-FeCrAl combination [34] . The relative differences of the radial power distribution between transmutation cases and empirical formula proposed in the previous work are less than 3%. In the region x < 0.95, the relative differences are within 1%. The difference of burnup distribution between the transmutation fuel rods and the normal case is within 2%. After BOL, the cases of transmutation have a little sharper power distribution than the normal cases due to the better breeder ability of MAs than 238 U. As the data shown in Table  15 , the thermal neutron capture cross sections of MAs are quite larger than that of 238 U in two evaluated nuclear data libraries. The concentrations of MAs decrease with the radius due to the spatial distribution of the thermal neutrons in the fuel rod. A direct consequence is that the positive contribution of MAs on the thermal power becomes less important after about 300 EFPDs. In addition, higher fission rate leads to more accumulated Fission Products (FPs), which have a negative contribution to the reactivity. After the MOL, the radial distribution of power in the cases of transmutation is a little lower than that in the normal cases (Figure 7 ) because the negative contribution to the reactivity induced by the accumulated FPs becomes more important than the positive contribution of MAs. In fact, at high burnup level, a higher concentration of MAs near the surface signifies higher production rates than consummation rates of MAs, which implies that the contribution of MAs on the power becomes almost the same as the normal cases.
Radial distribution of isotopic concentrations
The investigations on the radial distribution of the isotopic concentrations of the major actinides, such as uranium and plutonium, provide information to neutronic calculation. For example, the radial power distribution is based on both the neutron spectrum and the isotopic concentration of the fissile isotopes. In the present studies, it is assumed that there is no mass transfer in the fuel. The principal fissile isotopes in a reactor are 235 U, 239 Pu, and 241 Pu in the uranium fuels. The radial concentration distributions of the major actinides for the above six transmutation cases are similar. The ratios of the relative concentrations of the major actinides in the transmutation fuels to the five normal cases (the current fuel-cladding system and four candidate ATF combinations) are shown in Figure 9 . The BOL is 3.3 EFPDs in the treatment of the concentrations of 239 Pu and
241
Pu because there is no plutonium in the fuels at the BOL. Figure 9 . Ratios of average major actinide concentration in transmutation fuels to normal fuels at the BOL, MOL, and EOL. The dispersions to each case are within 1% for the above four major actinides.
Another important phenomenon is that the additional MAs in the U3Si2 fuel has almost no influence on the radial distribution of concentrations of the major actinides ( 235 U, 238 U, 239 Pu, and 241 Pu) for the six transmutation designs proposed in the present work ( Figure 9 ). About 2.5% lower 239 Pu concentration at the periphery in the MAs loaded fuels is due to the competition between the neutron capture reaction of MAs and 238 U.
Conclusions
The U3Si2 fuel is an excellent candidate ATF due to its high thermal conductivity and high uranium density. The stainless steel FeCrAl and the ceramic material SiC are treated as the potential ATF cladding materials due to their excellent oxidation resistance. Previous investigations showed the satisfactory neutron economy of U3Si2 based candidate ATFCladding combinations [2] , [9] . On the other hand, the transmutation is an efficient method to reduce long-lived MAs, which have a negative contribution to the reactivity. The present study performs on the transmutation of MAs in the 4.9% enriched candidate ATF combinations U3Si2-FeCrAl and U3Si2-SiC.
Based on the cycle length analysis by using LRM, the critical loading concentrations of 237 Np and the five mixed MAs loadings in the U3Si2 fuel are determined for 350 μm thickness FeCrAl cladding and 350 μm and 571.5 μm thickness SiC claddings. The Monte Carlo simulations show the excellent transmutation efficiency for MAs. For example, the total transmutation rates of the longest-lived MA 237 Np in the above six cases are equivalent to 3×10 6 years of natural decay time. If only 237 Np is considered, one U3Si2-SiC assembly can transmute 237 Np produced from six normal assemblies. In the mixed MAs transmutation cases, the net (total) transmutation rates are about (more than) 90% for 241 Am, which is the richest MA in the spent fuel considered in this study. The results show that the transmutation can be also an efficient method to reduce the quantity of 243 Am. The loadings of pure 237 Np lead to more production of plutonium, which can be recycled to fabricate MOX fuel. The negative contribution of pure 237 Np loading on other MAs is an advantage of this kind of design. The mixed MAs loading induces higher concentration of MAs. According to the analyses on total transmutation rate of MAs with half-lives longer than 1 year, the transmutation is efficient to globally reduce the MAs.
Quite similar distribution of the power and burnup in a fuel assembly is observed for the six transmutation cases proposed in the present work. The loading MAs have small influence on the power distribution in an assembly. Further investigations are required to calculate the peak value of power in a core because it is the product of three peak factors, including the peak factor in an assembly investigated in the present work. Nevertheless, the transmutation cases almost do not change the efficiency of the fuel utilization from the point of view of the relative minimum burnup at EOL. The loading of MAs may have impact on core safety parameters, including the Doppler coefficient, the boron efficiency, and the effective delay neutron. More detailed investigations on these properties should be further studied before application.
The loadings of MAs proposed in the present work have slight influence on the radial distribution of the power and isotopic concentrations of the major actinides. Therefore, the additional MAs do not change the distribution of the local power and burnup in the fuel. The competition of the reactions with the neutron between MAs and major actinides has less than 3% (1%) influence on the radial distributions of power and concentration(s) of 239 Pu ( 235 U, 238 U, and 241 Pu) during the serving life of the fuel assemblies. It should be noted that in general simulation results have certain uncertainties from the numerical methods, simulation model, nuclear data libraries, and so on. Many methods can be used to investigate the theoretical uncertainties. For example, the recent suggested uncertainty decomposition method is used to decompose the systematic and statistical uncertainties of a simple nuclear mass model [36] . The uncertainties from the numerical methods (Monte Carlo here) and the nuclear data libraries (ENDF/B-VII.0 and JEFF-3.3) are shown to be not significant for the transmutation study [16] . 
